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indicating that the view of alpha as “idling rhythm” irrelevant to 
cognitive functioning is flawed. Instead, the level of alpha activity 
may be viewed as an indicator at which state the respective cortical 
tissue is along a continuum marked by excitation and inhibition: 
low levels of alpha reflect a state of excitation, whereas high levels 
of alpha a state of inhibition (Klimesch et al., 2007; Weisz et al., 
2007a). While this concept is comparably well established in the 
visual and somatosensory domain, only very little is known about 
the auditory alpha rhythm, which is sometimes referred to as “tau 
rhythm” (auditory alpha; Lehtelä et al., 1997). This article aims to 
give an overview of some of our recent work in this domain. Note 
that we refrain from sublabeling the alpha-like rhythms according 
to different modalities or cognitive domains, reflecting our tenet 
that these rhythms are functionally similar across modalities.
The goal of the first part of the manuscript is to establish the 
existence of an auditory alpha rhythm. With regards to its func-
tional relevance, our initial motivation to view auditory alpha 
as a rhythm reflecting the E–I balance in auditory cortex came 
from clinical works on tinnitus; these will constitute the second 
part of this article. There we will also provide tentative evidence 
that a modulation of ongoing alpha activity via neurofeedback 
techniques can be beneficial in diminishing tinnitus symptoms. 
Tinnitus constitutes a chronic disturbance of the E–I balance which 
can be viewed as pathological. However, as pointed out above, the 
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The most basic to the most sophisticated cognitive function is 
the outcome of the complex interplay within as well as between 
large – mostly cortical – neuronal assemblies. Interestingly by sheer 
numbers, the cortex is a system that is tipped toward excitation 
that, if not balanced by an effective inhibitory system, would create 
states of hyperexcitation/-synchrony out of which no useful brain 
function could emerge (Buzsaki et al., 2007; van Dijk et al., 2009). 
Normal  cognitive  functioning  thus  requires  a  delicate  balance 
between excitatory and inhibitory influences, which can be flexibly 
adapted in order for the system to cope with situational demands. 
In recent years, an accumulating amount of evidence suggests that 
on a sensory and motor level, the excitatory–inhibitory (E–I) bal-
ance is reflected by alpha-like oscillations (∼8–12 Hz) which can 
be recorded non-invasively using techniques such as magnetoen-
cephalography (MEG) or electroencephalography (EEG). In sen-
sory regions, alpha-like oscillations are the dominant rhythm at rest 
and decreases in power (desynchronizes) when actively engaged 
in processing or even anticipating a stimulus (Thut et al., 2006). 
Interestingly works on visual/somatosensory attention (Foxe et al., 
1998; Worden et al., 2000; Fu et al., 2001; Rihs et al., 2007) and 
working memory have demonstrated increases of alpha in brain 
regions that need to be disengaged (e.g., processing a distractor; 
Jokisch and Jensen, 2007; van Dijk et al., 2008; Haegens et al., 2010), 
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doi: 10.3389/fpsyg.2011.00073E–I balance needs to be transiently flexible enough in order to meet 
with situational demands. Therefore in the third part of the manu-
script we will speculate which functional role auditory alpha could 
play for auditory cognitive functions backed up by preliminary 
data from our labs in two important domains: The first concerns 
spatial attention and the influence of anticipation on perception, 
which are not unique to the auditory systems and which may help 
to delineate functional similarities of alpha rhythms across sensory 
modalities. The second and perhaps most outstanding feature of 
the auditory system is the ability to comprehend spoken language, 
which involves mechanisms of successfully processing the acoustic 
signal – often under adverse conditions such as degraded speech or 
irrelevant acoustic input. We will conclude this article by stressing 
the similarities of the auditory alpha rhythm to those recorded 
in visual and somatosensory regions and will delineate the most 
challenging future issues.
ongoIng AudItory AlphA ActIvIty
An important prerequisite for this review is the certainty that some-
thing like an “auditory alpha” indeed exists. Contrary to visual, but 
also somatosensory alpha (e.g., when looking at planar gradients in 
MEG or Laplacians in EEG), auditory alpha activity is not obviously 
observable from the raw data when looking at surface topographies. 
Unfortunately, published reports that convincingly show alpha 
band modulations in the auditory modality have been rare. This 
sometimes has lead to some skepticism whether an auditory alpha 
exists at all that is distinct from the visual or sensori- and motor 
system. We do not adhere to this pessimistic view and will sum-
marize some evidence for the existence of such a resting rhythm.
As stated above, “resting” sensory regions, i.e., regions not subject 
to any adequate sensory stimulation, are marked by strong alpha-
like oscillations. The visual alpha activity is so strong that it can be 
observed in most cases by simply looking at the raw data and their 
associated topographies. This is partly accountable by the sheer size 
of the visual system which is approximately an order larger than 
the auditory system (volume estimates for primary visual cortex 
∼5300 mm3 and primary auditory cortex ∼850 mm3; not consider-
ing hemispheric asymmetries; see Andrews et al., 1997; Artacho-
Perula et al., 2004 respectively). The small size of auditory cortex 
makes it plausible that a potential auditory alpha rhythm leaves 
weaker traces on the scalp surface and is furthermore blurred by 
the simultaneous visual and sensori- and motor alpha rhythms. 
Furthermore, contrary to the visual domain where one can “close 
one’s eyes” to visual stimulation one cannot “close one’s ears” to 
acoustic stimulation without using the hands or external devices. 
In evolutionary terms this means that the auditory system is the 
more “attentive” modality, constantly monitoring the environment 
and guiding our attention to potentially salient events (orienting 
reaction). Since attention and modulations of alpha activity are 
intimately related as pointed out later, this feature of the auditory 
system may also account for smaller resting alpha rhythms in the 
auditory cortex. Nevertheless, if a similar alpha rhythm also exists 
in the auditory as in the visual and sensori- and motor modality 
then a stimulation with sound should lead to a desynchronization, 
i.e., power decrease of ongoing alpha activity in auditory brain 
regions. Since desynchronizations are always relative to some (usu-
ally pre-stimulus) baseline, they are a direct evidence that a baseline 
alpha rhythm exists. A seminal report on this issue was published 
by Lehtelä et al. (1997; see also Tiihonen et al., 1991) investigating 
temporal spectral evolution (TSE) of neuromagnetically recorded 
alpha activity following 500 ms bursts of white noise (see left panel 
of Figure 1A). Using planar gradients, which yield the strongest sig-
nal just above the actually active cortical regions, the authors found 
a transient decrease of alpha-like activity in the 6.5–9 Hz band fol-
lowing sound onset in eight out of nine participants. Furthermore 
in two participants showing the strongest modulations they were 
able to localize the desynchronization to superior temporal regions 
suggesting an auditory cortical generator of the baseline alpha 
rhythm (see right panel of Figure 1B). Importantly, neither the 
topographies of the planar gradient fields nor the source analysis 
results pointed to reactivity of visual/sensori- and motor alpha-
generators, arguing for a distinct source of auditory cortical alpha.
Unfortunately, following these initial positive findings, auditory 
alpha activity has no longer been a strong focus of neuroscientific 
research. In this section, we therefore want to add some evidence 
from our works confirming the basic existence of an auditory alpha 
rhythm: (a) The most direct manner to test for the existence of an 
auditory alpha rhythm is to have electrodes placed in respective 
auditory cortical regions. In humans this is possible only in very rare 
cases and clinical indications, for example in patients with medica-
tion resistant epilepsy implanted with electrodes for presurgical 
diagnostics. In such patients with electrodes implanted directly in 
auditory cortical regions for stereotactical EEG, almost all patients 
exhibit low-frequency theta to alpha band (up to ∼10 Hz) desyn-
chronizations starting approximately 300 ms following the onset 
of an auditory stimulus (O. Bertrand, personal communication). 
One example of a patient stimulated with a 50-ms sound and an 
electrode in primary auditory cortex is shown in Figure 1B. Data 
was obtained from a classical auditory oddball paradigm, in which 
participants had to detect rare frequency deviants (10%). The time-
frequency representation in Figure 1B shows the oscillatory dynam-
ics induced by the standard sound. Note that the brief stimulus is 
not ideal, since both the evoked onset and offset response overlap 
with the period of desynchronization. Nevertheless the intracranial 
and especially depth recordings leave no doubt that an auditory 
alpha-like rhythm exists, however it is a different question whether 
it and modulations thereof can be picked up extracranially. The 
study cited above (Lehtelä et al., 1997) is strong evidence in this 
direction. Furthermore, based on multiple studies employing audi-
tory stimulation in our labs we are convinced that it is feasible to 
uncover auditory alpha using non-invasive tools. (b) For example 
in a recent study investigating the impact of repetitive TMS (rTMS) 
on sound related brain activity, we recorded EEG activity from 30 
participants. In Figure 1C we display the grand average of a “virtual 
sensor” in right auditory cortex toward an 800 ms 40 Hz amplitude 
modulated sound. Again it becomes evident that low frequencies 
decrease in power in an alpha-like frequency band (∼7–12 Hz). (c) 
Another non-invasive tool suitable to monitor auditory cortical 
alpha band dynamics is MEG, for which an example is displayed 
in Figure 1D. In this example from a spatial attention experi-
ment, desynchronization over left temporal sensors (∼10–12 Hz) 
is shown following an auditory cue to the right ear. The task of 
the participant was to report the ear on which a 42-Hz modulated 
sound was presented, while a 19-Hz distracter was presented on the 
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despite being a spatial attention task it is clearly observable that 
the auditory alpha desynchronization is not an epiphenomenon of 
visual cortex alpha desynchronization (e.g., “bleeding-in” of visual 
other ear. Depending on the condition, the preceding cue indicated 
with 75 or 50% probability the location of the target (for auditory 
steady-state response results see Weisz et al., 2011). Source locali-
zation alpha desynchronization mainly indicate generators in left 
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FiGurE 1 | Exemplary data illustrating the feasibility of recording 
alpha-like dynamics from auditory cortex. (A) Depicts an adaptation of data 
from the original experiment by Lehtelä et al. (1997) showing for the first time 
alpha suppression (6.5–9 Hz) at temporal MEG planar gradient sensors during 
sound presentation. In two individuals (right panel), the alpha desynchronization 
was localized to superior temporal regions overlapping with the generators of 
the N1m (here indicated as black circle; note that this circle has been 
exaggerated for better visibility). (B) Single-subject data from an sEEG 
experiment. The depicted electrode recorded activity from primary auditory 
cortex, showing desynchronization between 5 and 10 Hz starting ∼300 ms 
post-stimulus onset. Potentially earlier desynchronizations are masked by the 
strong evoked response within the first 200 ms. Slightly higher alpha 
desynchronizations can be observed from group data in an (C) EEG experiment 
(time-frequency plot depicts an auditory cortical “virtual sensor” and a (D) MEG 
experiment. In the latter experiment a tone was presented to the right ear and 
post-stimulus decreases between 10 and 12 Hz are observable over left 
temporal sensors. These desynchronizations are mainly localized in left superior 
temporal regions including auditory cortex. Note that neither the sensor 
topography nor the source solution suggests a visual or sensorimotor 
contributions.
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some point in their life, e.g., after attending loud concerts, etc., even 
though this sensation normally vanishes after a couple of hours to 
days. Also, it is very unlikely that the perception has its physical 
origins in an enhanced firing rate in the peripheral auditory system 
such as the hearing nerve (e.g., transection of the hearing nerve does 
not remove the tinnitus sensation in most cases; see Eggermont and 
Roberts, 2004 for a review). This poses scientifically a challenging 
issue: How can an overall healthy brain (assuming that anybody can 
perceive tinnitus under the “right” conditions) create a conscious 
auditory perception purely out of intrinsic, i.e., spontaneous, brain 
activity? An answer to this question has widespread implications 
for a better understanding of the neural correlates of consciousness 
(NCC; Crick and Koch, 2003) in general.
If a phantom percept like tinnitus can be viewed as a “nor-
mal” conscious perception minus a corresponding sensory input, 
then following current notions on the NCC (Dehaene et al., 2006; 
Lamme, 2006) at least two elements need to be involved: (1) The 
activation of specific sensory (in this case auditory) regions that 
are responsible for a specific feature of sensory experience. Such 
regions have been coined “essential nodes” (Zeki and Bartels, 1999) 
to note, that if this specific region is, e.g., destroyed then the sub-
jective experience for this feature will disappear as well as in the 
case of agnosias. (2) The activation of an essential node does not 
take place in isolation but needs to efficiently transfer its processed 
information to higher-order brain regions (mostly frontoparietal 
systems) involved in attention and or consciousness (“global work-
space”; Dehaene et al., 2006). The latter point concerns aspects of 
interconnectivity between distributed brain regions and will not be 
a matter of the current review (but to some extent relevant when 
discussing neurofeedback; see below). Here we will focus on the 
aspect that tinnitus requires an enhanced activation of the auditory 
cortex, which without a doubt is an important essential node for 
auditory perception.
The most direct evidence that tinnitus-enabling conditions lead 
to altered spontaneous activity in auditory regions has been gained 
from animal studies. In diverse species (e.g., cats, rats, chinchillas, 
etc.) and experimental conditions (e.g., noise trauma, salicylate, 
etc.) enhanced spontaneous firing could be recorded from mul-
tiple structures along the auditory pathway such as the dorsal 
cochlear nucleus, the inferior colliculus, primary and secondary 
auditory cortex (see for Eggermont and Roberts, 2004 a review). 
In a very important study investigating the immediate (i.e., within 
hours) changes in neuronal activity in primary auditory cortex of 
cats following noise trauma, Norena and Eggermont (2003) were 
able to show that increases of synchronized firing within deprived 
regions of the tonotopic map (i.e., frequency ranges affected by 
hearing loss) increase prior to increases in firing rate. Since tin-
nitus sensation usually develops rapidly following a noise trauma, 
the authors speculate that changes in synchronized firing could 
be more relevant for the actual tinnitus sensation than firing rate 
changes. This result has implications for human tinnitus studies, 
since non-invasive neuroelectric methods require the synchroni-
zation of a large population of neurons in order to be detectable 
at the head surface. With regards to the underlying mechanisms 
leading to the enhanced firing/synchrony, the majority of model 
frameworks based on animal data assume some downregulation of 
cortex activations). On the contrary, sensory topography as well 
as source results in Figure 1D point to a visual cortical increase of 
alpha, particularly pronounced ipsilaterally to the cued side (see 
also Foxe et al., 1998; Fu et al., 2001). This differential modulation 
of auditory cortical and visual cortical alpha activity is a very strong 
argument for separate processes in the respective sensory regions.
Overall, this section serves to establish that an auditory alpha 
rhythm exists that is independent from the other sensory modali-
ties and that it can be measured even using non-invasive tools. It 
is also interesting to note that all data in Figure 1 also exhibit (in 
general more brief) desynchronizations in the beta range, indicat-
ing that beta activity may also constitute a resting state activity of 
the auditory cortex (this however exceeds the scope of the present 
review). At this stage it is not possible to give a general recom-
mendation whether MEG or EEG is the more suitable tool to study 
auditory alpha activity. From the neuroanatomy, with large parts 
of the auditory cortex lying deep in the lateral sulcus and sources 
being mostly tangentially oriented to the surface, a superiority of 
MEG would be expected. However, there is a lack of a systematic 
investigation of this issue (e.g., identical paradigms used in EEG 
and MEG, ideally in separate recording sessions, as in our experi-
ence the simultaneous measurement of EEG often deteriorates the 
MEG signal). The overall measurability of auditory alpha – also 
using EEG – however does not answer questions with regard to its 
functional relevance. This will be the goal of the following sections.
AbnormAl SpontAneouS ActIvIty In tInnItuS
bASIc pAtternS of tInnItuS-relAted SpontAneouS ActIvIty
As pointed out in the introduction inhibitory mechanisms are a 
crucial ingredient for shaping adequate cortical functions (Buzsaki 
et al., 2007). More and more data from cognitive neuroscience (see 
below and other contributions in this special edition) suggest that 
the alpha rhythm may be the macroscopically recordable corre-
late of these inhibitory mechanisms. However, these experiments 
usually relate transient changes of alpha activity with well-defined 
stimuli and/or behavioral measures, i.e., they study short-term 
modulations of the E–I balance. This does not directly tackle the 
issue why under “rest” alpha-like oscillations should be the most 
dominant rhythm of the brain, whether it serves a function at all or 
just reflects “idling.” Keeping up a “resting state” brain is metaboli-
cally very expensive (Gusnard et al., 2001), making it in pragmatic 
terms difficult to accept that the spontaneously expressed rhythmic 
activity should indeed reflect an idling activity. In the past (Weisz 
et al., 2007a) we have proposed that the dominant alpha activity at 
rest is functionally related to ongoing inhibitory mechanisms that 
prevent cell assemblies from spontaneous synchronization, which on 
a behavioral level could be associated with phantom perceptions.
One example for this notion that we have studied extensively in 
recent years is tinnitus. Tinnitus describes an audiological symptom 
in which a sound is perceived for which an objective environmental 
or bodily source cannot be identified. Phenomenologically, the per-
ceptions are usually characterized by “simple” sounds such as pure 
tones (tonal tinnitus) or narrow-band noise. This condition most 
frequently follows a cochlear damage, e.g., after a noise trauma, sud-
den hearing loss or in the course of presbyacusis (age-related hear-
ing loss). In the vast majority of cases psychiatric disorders (e.g., 
schizophrenia) can be excluded as a cause for the phantom percept. 
Weisz et al.  The auditory alpha rhythm
Frontiers in Psychology  | Perception Science    April 2011  | Volume 2  | Article 73  |  4gamma activity has been associated to tinnitus laterality and/or 
intensity in some studies (Weisz et al., 2007b; van der Loo et al., 
2009). Importantly, Lorenz et al. (2009; see Figure 2B) reported an 
inverse relationship between alpha and gamma activity calculated 
for sources seeded in auditory regions. The inverse relationship was 
present for tinnitus and control participants, however the regres-
sion slope was steeper in the tinnitus group, which was driven by 
the presence of an increased amount of participants who exhibited 
strong gamma activity alongside pronounced reductions of alpha 
band activity.
Based on our findings and notions from the animal literature 
we have proposed a model framework entitled “Synchronization by 
Loss of Inhibition Model” (SLIM), which summarizes our current 
notions on tinnitus. In the original version we assumed tinnitus 
to originate from a reduced afferent input in frequency regions 
affected by a peripheral damage. We postulated that this should 
lead to an overall reduced neuronal activity within the deprived 
region affecting equally excitatory as well as inhibitory neurons, 
resulting in a hyperpolarization. It has been shown previously 
that hyperpolarized neurons fall into a slow-frequency bursting 
mode (Llinas et al., 1999) which could account for the enhanced 
delta to theta activity in tinnitus sufferers (Jeanmonod et al., 1996; 
Weisz et al., 2005; Moazami-Goudarzi et al., 2010). Crucially, we 
hypothesized that in a circumscribed region of tonotopically organ-
ized auditory fields, downregulation of inhibitory drive is strong 
enough and excitatory neurons are not hyperpolarized sufficiently, 
that the latter “spontaneously” synchronize their activity. While, 
in contrast, a loss of inhibition may be reflected in reduced alpha 
activity, we assumed that “spontaneous synchronization” may be 
expressed by enhanced gamma band activity. The inverse relation-
ship between resting-state alpha and gamma point in this direction 
(Lorenz et al., 2009), however the anticorrelated behavior of alpha 
and gamma frequently seen in sensory cortices following external 
stimulation is also supportive of this basic idea: In almost all cases 
in which gamma increases are observed in sensory and motor cor-
tex a concomitant decrease of alpha power can be observed (see 
e.g., Figure I in Jensen et al., 2007, for exemplary data; however a 
inhibition (Eggermont and Roberts, 2004) in deafferented regions 
of the auditory system to be responsible. Despite being a plausi-
ble hypothesis, to our knowledge direct evidence for an abnormal 
behavior in inhibitory neurons is missing up to date.
Investigation of human spontaneous brain activity in tinnitus 
has been more scarce and usually investigates altered spectral power 
in diverse frequency bands of the ongoing MEG/EEG. The first 
study was presented by our group and compared 5 min of rest-
ing MEG of chronic tinnitus sufferers to that of normal hearing 
controls (Weisz et al., 2005). The principal finding was an altered 
pattern of spontaneous activity in the lower frequency range with 
an increase of slow-wave (delta–theta; see also Moazami-Goudarzi 
et al., 2010) activity and a concomitant decrease of alpha power (see 
Figure 2A). This abnormal pattern was particularly pronounced 
over temporal regions and could be due to deviant ongoing brain 
activity in auditory regions of tinnitus participants. Our primary 
interest at the time of the study concerned the enhanced slow-
wave activity which frequently develops in deafferented neuronal 
tissue (Llinas et al., 1999). However, in the light of the increasing 
evidence from cognitive neuroscience relating alpha band activity 
to functional inhibition, it is tempting to assume that the decreased 
alpha activity in temporal regions may be a macroscopical neuronal 
signature of a reduced ongoing inhibition as hypothesized previ-
ously to be a crucial element for the emergence of tinnitus. Two 
pieces of evidence are further suggestive for this idea: Firstly alpha 
decreases in auditory cortex naturally accompany presentation of 
external sounds (see above). Since the crucial criterium for tinnitus 
is that an external sound cannot be identified accounting for the 
conscious perception, this could imply that the observed alpha 
reduction in tinnitus could represent a sort of “desynchronization” 
related to an internal sound. This would mean that apart of the 
external stimulus, the neuronal correlates of the sound perception 
are otherwise identical. Secondly, apart of changes in the lower 
frequencies we were also able to identify increases in the gamma 
frequency range. These increases are chronically present in tinnitus 
and are also modulated by slow-wave activity (Weisz et al., 2007b). 
Even though not a consistently reported finding, auditory   cortical 
A B
FiGurE 2 | (A) Chronic tinnitus is characterized by marked changes in ongoing 
(“resting”) oscillatory brain activity, including a reduced alpha peak as compared to 
normal hearing controls with a focus over temporal regions (adapted from Weisz 
et al., 2005). (B) The inverse relationship between ongoing alpha and gamma activity 
in temporal areas suggests that mechanisms generating alpha oscillations may be 
crucially involved in regulating the E–I balance. Note that in the tinnitus group this 
relationship is steeper due to a higher proportion of participants with low alpha and 
high gamma levels (adapted from Lorenz et al., 2009).
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along with enhanced and sustained synchronization of neuronal 
activity, which as a consequence has a greater postsynaptic impact 
on downstream neuronal assemblies.
Recently, we conducted a study (Ortmann et al., 2011) that chal-
lenges some of the basic ideas set out in the original model. In this 
study we investigated transient tinnitus in rock musicians following 
band giving us the potential opportunity to study the macroscopic 
neuronal processes that immediately accompany tinnitus sensation. 
The consistent finding of the study was that compared to another 
MEG measurement without tinnitus (appointments separated by 
at least 1 week), band practice was followed by strong increases 
of gamma band activity in right auditory cortex (in 13/14 par-
ticipants). However, we did not find any evidence for a decrease 
of alpha or increase of slow-wave activity in auditory cortex. At 
this stage it is premature to definitely decide between different 
possible interpretations: For example, it is also conceivable that 
tinnitus-related activity is spatially very restricted, making it chal-
lenging to monitor them non-invasively. Not mutually exclusive 
to that, the transient and chronic tinnitus may involve partially 
different neurophysiological mechanisms either from the outset 
or developing over time, leading to an important question: Why 
does chronic tinnitus develop only in a minority of cases? One 
hypothesis directly following from the framework presented in 
this review, would be that severe distortions of the E–I balance 
might be necessary for tinnitus to become chronic, maintaining 
the spontaneously hypersynchronized state. This imbalance could 
be reflected in reduced alpha-like activity in relevant regions of the 
auditory cortex, however at this stage the idea is very speculative.
To summarize, we think that chronic tinnitus provides a good 
clinical case for ongoing alpha-like activity serving an important 
function  in  auditory  cortex.  Beyond  the  tinnitus  field,  ongo-
ing (spontaneous) alpha activity in sensory and motor regions, 
sometimes described as “idling” activity, could functionally be the 
neurophysiological correlate of an ongoing mechanism of active 
suppression of “spontaneous synchronization.” Since phantom per-
cepts such as tinnitus (but potentially also phantom limb pain) may 
be a consequence of deficiencies of ongoing inhibitory mechanisms, 
leading to spontaneous synchronization, we argue that effective 
treatments re-establishing/normalizing the E–I balance will have an 
impact on ongoing alpha activity. Several approaches are conceiva-
ble, reaching from pharmacological (Elgoyhen and Langguth, 2010) 
to brain stimulation techniques (Kleinjung et al., 2008). Another 
possibility however is neurofeedback, which will be introduced in 
the subsequent section.
neurofeedbAck treAtment of tInnItuS
The neuroscience of tinnitus is a fascinating field, since it opens up 
the possibility of studying the NCCs in a “pure” form, i.e., without 
concomitant activation by a physical stimulus. Yet delving into the 
neurophysiological mechanisms leading to this phantom percept is 
of outstanding clinical relevance as well. It is estimated that approxi-
mately 10–15% of the population in industrialized countries are 
affected by chronic tinnitus (Eggermont and Roberts, 2004). In 
approximately 1–3% of the population tinnitus is so distressing 
that it causes severe impairments in the quality of life and therewith 
related high socioeconomic costs (e.g., missing working hours or 
decrease of alpha accompanied by gamma increases is not always 
evident,   perhaps due to the capacity of the paradigm and non-
invasive method to resolve low amplitude gamma band activity). 
If spontaneous synchronization is sufficiently strong (potentially 
amplified by top-down influences; see below), this activity will be 
passed on to downstream cortical regions involved in conscious 
perception (Schlee et al., 2009b). The basic idea of our tinnitus 
model is summarized in Figure 3. It has to be emphasized that our 
framework is descriptive does not contain a detailed assumption 
of how this inverse relationship between alpha (putatively reflect-
ing “inhibition”) and gamma (putatively reflecting “synchronized 
firing”) comes about. Based on cognitive neuroscientific works 
different ideas have been proposed based on the basic idea that 
within a cycle of an oscillation excitability is modulated, opening 
and closing windows of opportunity for neurons to synchronize 
their firing. Jensen et al. (2007), e.g., argues that an ongoing alpha 
activity is disadvantageous for precise synchronization of neuro-
nal firing, thereby limiting the postsynaptic impacts of respective 
alpha-activated cell assembly. Gamma activity on the other hand 
induces short time windows in which neuronal firing can synchro-
nize, thereby increasing the postsynaptic impact of the gamma-
activated cell assembly. A somewhat different idea was forwarded 
by Klimesch et al. (2007) suggesting the alpha rhythm is explicitly 
caused by inhibitory interneurons and that different phases of the 
alpha reflect a stronger or weaker impact of these neurons on toni-
cally excited excitatory neurons. In cases of strong alpha activity 
(thus reflecting strong activity of inhibitory neurons), synchroni-
zation of neuronal activity will change from a tonic into a rhyth-
mic modus see (Schroeder and Lakatos, 2009 for a similar idea). 
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FiGurE 3 | Schematic illustration of the core idea of the SLiM model. The 
lower panel shows normal hearing thresholds in control subjects on the left 
and a prototypical high-frequency hearing loss in tinnitus. The accompanying 
tonotopic organization can be seen in the middle panel. Whereas an orderly 
representation can be observed in controls (left), shifts of the characteristic 
frequency in deprived regions toward the audiometric edge frequency results 
following hearing loss. Importantly however, the tinnitus sensation is a 
consequence of alterations of ongoing spontaneous activity in auditory cortex 
as depicted in the upper panel. The SLIM model predicts a region of the 
tonotopic map between deprived and normally afferented regions that is 
hyperactive, i.e., marked by increased firing as well as “spontaneous 
synchronization. ” Disinhibition may be manifested in reduced ongoing alpha-like 
activity, whereas the hyperactivity may be reflected in increased gamma.
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(i.e., alpha/delta; one-dimensional feedback). Motivated by these 
findings we attempted to overcome certain issues in a modified 
Alpha–Delta Training (n = 10). The first issue concerned the feed-
back from four frontocentral electrodes, which makes it highly 
unlikely that ongoing oscillatory activity from auditory cortex was 
trained, but probably a mixture from diverse brain regions. The 
second issue concerned the interpretational limitations of a ratio, 
since increases could mean increases of alpha, reductions of delta 
or both (the limitation was due to the proprietary software used). 
In order to tackle these issues, we developed our own software 
framework for online EEG (ConSole; Hartmann et al., 2011). The 
first improvement was the recording from a higher number of elec-
trodes (32 channels) and the use of a source montage, modeling 
ongoing brain activity from temporal brain regions. This measure 
reduces to some extent the problems of the mixture of different 
signal  contributions  encountered  in  sensor  space.  The  second 
change was the use of a two-dimensional feedback, in which alpha 
and delta power were two different axes on a computer screen. 
The task of the participant was to move the ball as far as possible 
to the upper right corner, indicating “high alpha” and “low delta” 
(see Figure 4A). The second training approach (n = 7), which we 
will call “Desynchronization Suppression Training” subsequently, 
used exactly the same hardware and source projection method. 
However in this approach we used sounds of 5 s duration, which 
consisted of a band-passed noised containing input at frequencies 
of the “tinnitus spectrum” (Norena et al., 2002). The task of the 
participant was to increase alpha activity as much as possible dur-
ing sound stimulation (Figure 4B), i.e., to suppress the “natural” 
tendency of alpha desynchronization (see above). The rationale 
of the Desynchronization Suppression Training was that the par-
ticipant learns to decrease excitability to a sound spectrally similar 
to the own tinnitus sensation and to transfer successful strategies 
into every day life.
Despite the different procedures underlying the two neurofeed-
back approaches some common results emerged. For both train-
ings alpha and delta changes were operationalized by calculating 
the ratio between pre-training and post-training power (pre/post). 
In both trainings delta was only marginally modulated, even in 
the training in which explicit feedback was given [Alpha–Delta 
Training (mean ± SE): 0.93 ± 0.07; Desynchronization Suppression 
Training
1: 1.17 ± 0.33] and will not be further reported in this 
article. Contrary to slow-wave activity, participants were over-
all very successful in enhancing alpha-like activity from tempo-
ral sources. The increases in the Alpha–Delta Training reached 
almost 80% and were larger than 50% in the Desynchronization 
Suppression Training independent whether a sound was being 
processed or not (see Figure 4C). This means that our procedures 
were successful in globally increasing alpha activity in temporal 
brain regions. Furthermore, on average tinnitus-related distress 
(assessed  using  the  “Tinnitusfragebogen”;  Goebel  and  Hiller, 
1994) was decreased on average by ∼27% (Alpha–Delta Training: 
28%; Desynchronization Suppression Training: 25%; t15 = −0.16, 
p = 0.87). This overall reduction (see Figure 4D) was statistically 
early retirement). Unfortunately at the current stage there is no 
therapy that can reliably eliminate the tinnitus sensation. This is 
definitely partly due to the limitations of the current approaches 
in fully tackling the generating mechanisms (see e.g., Lorenz et al., 
2010 for a study on rTMS) but also perhaps due to a greater com-
plexity than the idea of a stable and invariant generating mechanism 
(see above and also Schlee et al., 2009a for a study on tinnitus dura-
tion and associated neurophysiological changes). Nevertheless, the 
field is progressing with some neurophysiologically well-founded 
therapy approaches that show modest success rates. In general the 
common theme of these therapy approaches is that they aim to 
normalize spontaneous activity and/or tonotopic organization in 
the central auditory system. Two different types of approaches can 
be differentiated: (a) bottom-up and (b) top-down based therapies. 
Bottom-up based therapies include, e.g., sound-stimulation thera-
pies (e.g., “notched music,” Okamoto et al., 2010; or “coordinated 
reset,” Hauptmann and Tass, 2010) or direct stimulation of auditory 
cortex, e.g., by rTMS (Kleinjung et al., 2008) or implanted elec-
trodes (De Ridder et al., 2007). Top-down based therapies assume 
that higher-order mechanisms (such as attention; see below) can 
influence excitability in auditory cortical regions (see Andersson 
et al., 2006 for a fMRI study and tinnitus). One of these approaches 
is neurofeedback that will be the topic of the present section.
Neurofeedback is an approach of treating diverse maladies, that 
has existed for about 40 years already (Sterman and Friar, 1972) 
and is theoretically founded on operant learning, i.e., to increase 
“correct” behavior through reinforcement. In this case “correct” 
behavior describes what the experimenter assumes is a neurophysi-
ologically “healthy” pattern and reinforcement implies a feedback 
to the patient with regards whether she/he is expressing this desired 
pattern (including a “reward” when certain goals are reached). The 
overall goal of neurofeedback is that the participant learns to control 
abnormal neurophysiological processes purely by intrinsic means 
(i.e., mental strategies). Basically three elements are of outstanding 
importance for neurofeedback to work: (1) a good hypothesis of 
what may be the crucial abnormal neurophysiological signature 
of a distinct disease, (2) good equipment and signal processing 
routines to monitor the neurophysiological feature of interest in 
“realtime,” and (3) an “immediate” and intuitive feedback to the 
participant. The latter two aspects are mainly computational issues 
for which great advances have been made over the years (e.g., wide 
accessibility of powerful signal processing routines, fast multi-core 
computers, high-density EEG recordings etc.). Thus in our opinion 
the main challenge for neurofeedback is actually of conceptual 
nature, i.e., defining the core neurophysiological mechanisms of a 
disorder and identifying its macroscopic – non-invasively measur-
able – expressions.
Based on our MEG studies (see above) we conducted two dif-
ferent approaches mainly targeted at re-establishing normal alpha-
like activity in auditory cortex. Conceptually, the approaches are 
founded on the idea introduced above that alpha-like activity 
reflects an ongoing inhibitory process suppressing spontaneous 
synchronization (see above). The first approach, which we will call 
“Alpha–Delta Training” subsequently, seeked to normalize the pat-
tern of spontaneous EEG activity by aiming to enhance alpha and 
reduce delta activity. A previous study yielded promising results 
(∼20% reduction of tinnitus distress; Dohrmann et al., 2007) using 
1The pattern was similar for a 5-s pre-stimulus and the 5-s post-stimulus period 
and therefore averaged in this report.
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treatment (n = 24; pooling data from Konstanz and Regensburg) 
included 10 sessions of 1 Hz rTMS of auditory cortex and 10 ses-
sions of sham stimulation (coil tilted by 45°), counterbalanced 
across participants. In order to maintain comparability across treat-
ments, we used tinnitus distress immediately before the first and 
directly following the last treatment session. As observable from 
Figure 4D distress was virtually unchanged after sham treatment 
(one-sided test: t23 = −0.09, p = 0.92) and slightly but significantly 
reduced (∼7%; one-sided test: t23 = −1.75, p = 0.04) following real 
1 Hz rTMS. Compared to the rTMS results, the 27% reduction 
observed  following  neurofeedback  therefore  appears  meaning-
ful. This impression is statistically confirmed: distress reduction 
following neurofeedback is significantly greater than sham rTMS 
(two-sided test: t23 = −3.34, p = 0.002) as well 1 Hz rTMS (two 
sided test: t23 = −2.55, p = 0.01). While the effect compared to sham 
treatment is intuitive, the stronger distress reduction as compared 
to rTMS is not trivial and leaves several open questions. The main 
issue is whether the stronger distress reduction stems from a greater 
influence of neurofeedback on auditory cortical activity or on wide-
spread networks. Due to the very basic source projection approach 
and low number of electrodes (32 channels), the second answer 
appears more appropriate, upon further empirical evidence can 
significant compared to the null hypothesis of no change (one sided 
test: t16 = −3.49, p = 0.001). Since we consider these approaches as 
exploratory, we did not conduct a neurofeedback-specific control 
group (using, e.g., fake feedback), leaving the issue open how to 
judge the   clinical utility of neurofeedback as a treatment tool for 
tinnitus. In order to overcome this issue to some extent (being 
aware that this not substitute a neurofeedback control group), 
we compared the outcomes on distress change to those observed 
after rTMS, which is an overall more established treatment than 
neurofeedback. In the motor modality it has been shown that the 
repetitive application of TMS can alter neuronal excitability of the 
stimulated area beyond the stimulation period, as usually meas-
ured using the motor evoked potentials. Importantly, it could be 
observed that different protocols – which are beyond the scope 
of this article (see Hallett, 2007 for a review) – either lead to an 
increase or decrease of the MEP and have been therefore classified 
as “excitatory” or “inhibitory” respectively. This feature of rTMS 
has made the method as an attractive tool to explore its impacts on 
various diseases in which an altered excitability in well-described 
regions are assumed, among other tinnitus. From the “inhibitory” 
forms low-frequency rTMS, usually the 1 Hz variant, has been the 
most frequently probed in the context of tinnitus (see Kleinjung 
et al., 2008 for a review) with the hope that this would reduced the 
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FiGurE 4 | Demonstration of the feedback for the participants of our 
neurofeedback training. (A) In the Alpha–Delta Training alpha and delta 
power were fed back by movements of a football in 2D. Movements of the 
ball into the right upper quadrant was desired, marking increases of alpha 
with concomitant decreases of delta in temporal sources. (B) In the 
Desynchronization Suppression Training decreases of alpha in temporal sources 
upon sound stimulation were visualized by a fish moving downwards. The goal 
of the participant was to move the fish upwards indicating a suppression of 
desynchronization. (C) Both neurofeedback trainings were successful on 
average in increasing alpha-like activity in temporal brain regions. (D) Training 
success went along with highly significant reductions of tinnitus distress (red 
bar). Distress reductions are significantly stronger as compared to a sham-
rTMS group as well as compared to a 1-Hz rTMS group (targeting auditory 
cortex).
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internal goals or anticipation. Interestingly, scientific investigation 
of selective attention actually started in the 1950s in the auditory 
domain when Cherry (1953) investigated the so-called “cocktail 
party problem,” i.e., the capability of listeners to monitor a dis-
tinct stream of conversation while ignoring irrelevant background 
noise. Unfortunately, cognitive neuroscience and particularly the 
branch interested in the relationship between alpha and attention, 
has thereafter mainly focused on the visual modality. This may also 
be partly due to the long uncertainty, as to whether an auditory 
alpha rhythm existed that is independent of those of other modali-
ties. From the studies in the visual modality, which usually employ a 
variant of a Posner-like cue-target paradigm (Posner and Petersen, 
1990), the following important insights have been gained: (1) Alpha 
power in visual cortical regions processing to-be-attended visual 
information decreases, indicating an enhanced excitability of these 
regions (Thut et al., 2006). (2) Alpha power in visual cortical regions 
processing to-be-ignored visual information (requiring the pres-
ence of distracters in the paradigm) increases, indicating decreased 
excitability of these regions (Worden et al., 2000; Rihs et al., 2007). 
Interestingly, this pattern of posterior alpha increase has been also 
reported when attention is cued to the auditory modality, putatively 
reflecting an active disengagement of attentional resources from 
the visual modality (Foxe et al., 1998; Fu et al., 2001). (3) These 
processes take place prior to the presentation of the target, implying 
that alpha modulations also reflect preparatory processes of tuning 
the E–I balance in visual cortical tissue to optimally process the 
anticipated target. Interestingly, a recent study (Capotosto et al., 
2009) demonstrated that these preparatory alpha modulations can 
be severely perturbed and even abolished by applying TMS either 
to the intraparietal sulcus (IPS) or the frontal eye field (FEF). For 
the auditory domain this is interesting also, since a recent study by 
Smith et al. (2009) showed that rTMS applied to the FEFs interferes 
with auditory spatial localization using a visual cue: The behavio-
ral costs of being invalidly cued were considerably reduced. Taken 
together, one could derive the hypothesis that selective attention 
functions on a higher level by modality independent mechanisms, 
modulating the E–I balance in lower level sensory regions. However 
for this assumption to apply it has to be at first established that audi-
tory cortical alpha is indeed sensitive to attentional modulations.
Auditory cortical alpha activity reflects direction of auditory spatial 
attention
In a previous section, we had presented additional evidence for the 
existence of an auditory alpha-like rhythm that adds favorably to the 
previous literature (e.g., Lehtelä et al., 1997). Currently the Konstanz 
laboratory is running a series of studies to investigate whether this 
ongoing rhythm can be modulated by selective attention. In a first 
study (Müller et al., submitted) we implemented an auditory spatial 
attention task in which participants had to indicate the presence of a 
target (10%; changes in amplitude modulation frequency of a tone) 
on a visually cued ear (100% cue validity). Sounds were presented 
on both ears, therefore the task included the selective monitoring 
of an auditory channel while ignoring distracting information from 
the task-irrelevant ear. Following the offset of the sound, partici-
pants had to indicate via a right hand button press whether a target 
was present or not. The focus of our analysis was on pre-target 
be gathered using more advanced source modeling and a higher 
number  of  electrodes  (or  alternatively  MEG-neurofeedback). 
Furthermore it will be relevant to scrutinize whether neurofeedback 
actually indeed successfully modulates   tinnitus-specific brain activ-
ity or simply is more   successful than rTMS in tackling non-specific 
processes that influence distress scores. An answer to this question 
would require a neurofeedback-specific placebo condition.
Despite these shortcomings, the reported findings encourage 
further developments in neurofeedback as a treatment option for 
chronic tinnitus. Our results suggest that reduced temporal alpha 
activity can serve as a relevant neurophysiological marker of tin-
nitus, and deeper insights into how auditory alpha-like oscillations 
reflect the E–I balance of auditory cortical cell assemblies will open 
up new avenues for the treatment of this distressing disorder.
Cognitive Modulations of alpha
In the latter two sections we have (a) demonstrated that an auditory 
alpha-like rhythm exists and (b) that disturbances to this resting 
rhythm may be a fundamental element for developing tinnitus, 
indicating that the auditory alpha rhythm may represent the E–I 
balance within the respective region, similar to the visual and sen-
sori- and motor cortices. Yet the latter example illustrates potential 
behavioral consequences of a permanent departure of normal rest-
ing state activity. In everyday life however we are confronted with 
the need to adapt E–I balance in sensory and motor regions on a 
short time scale (transient modulations). Common examples are, 
e.g., selective attention during which processing resources are spe-
cifically allocated to certain aspects in our environment while other 
aspects are ignored or working memory which describes the capac-
ity to hold certain information in mind for (relatively) short periods 
of time. For both cognitive abilities to work properly excitability in 
task-relevant areas needs to be enhanced, whereas regions that proc-
ess competing/task-irrelevant information need to be disengaged. If 
alpha oscillations indeed represent the E–I balance within (at least 
sensory) cortical regions, then task-related short-term modulations 
of excitability should be mirrored in concomitant modulations in 
regionally specific alpha power, i.e., relative decreased alpha power 
in task-relevant regions and increases in regions processing dis-
tracting information. In the visual domain this notion has found 
extensive support in recent years (Foxe et al., 1998; Worden et al., 
2000; Fu et al., 2001; Thut et al., 2006; Meeuwissen et al., 2011), 
however for the auditory modality this evidence is still largely lack-
ing (see van Dijk et al., 2010 for a recent demonstration in auditory 
working memory). In this section we will introduce some of the 
running works from our labs to resolve this issue, by illustrating 
their rationale as well as representative single-subject data. The 
first section will address the issue of auditory alpha and attention/
anticipation, whereas the second section will introduce concepts of 
studying alpha in a special cognitive domain linked to the auditory 
system, namely speech comprehension.
auditory alpha and attention
In cognitive science attention is not treated as a unitary phenome-
non and is generally viewed as the allocation of processing resources 
that can be driven by bottom-up and/or top-down mechanisms. 
The  former  refers  to  neuronal  processes  triggered  by  distinct 
features of a stimulus, whereas the latter, also termed   selective 
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Mazaheri (2010), that levels of alpha activity may gate information 
flow within   distributed networks.
This study confirms that similar attentional alpha modula-
tions can be observed in the auditory modality as in the visual 
modality and is also suggestive that similar higher-order regions 
(Capotosto et al., 2009; Smith et al., 2009) may be involved in 
modulating the E–I balance across sensory modalities. It is worth 
noting at this point that a lateralized pattern of pre-stimulus 
alpha does not have to be necessarily expected, since – even 
though a majority of nerve fibers cross at the level of the brain-
stem (the superior olivary complex being the first structure to 
receive information from the contralateral ear), thus produc-
ing a structurally contralateral representation similar to visual 
and somatosensory cortex – the auditory cortices of the two 
hemispheres appear to be functionally more specialized than the 
respective areas of the visual and somatosensory system. For 
alpha modulations which have been previously demonstrated in the 
visual modality (Thut et al., 2006). As expected, our main finding 
was an asymmetric modulation   pattern in left and right auditory 
cortex depending on which ear was cued. Data from a single sub-
ject is depicted in Figure 5, showing (relative to a pre-cue baseline 
period) stronger alpha desynchronization at sensors contralateral to 
the visually cued ear. Beamformer source analysis indicates besides 
of motor preparatory activity, that this desynchronization pattern 
is generated in the auditory cortex. Interestingly (data not shown 
here), relevant periods of pre-target alpha desynchronization went 
along with specific changes of functional connectivity between audi-
tory cortex and particularly FEF and IPS. Whereas auditory regions 
processing upcoming information from the attended ear were more 
strongly coupled to these regions, those processing information 
from the unattended ear exhibited decreased functional connec-
tivity as compared to the pre-cue baseline. Despite the absence of a 
genuine alpha synchronization (i.e., increase relative to baseline), the 
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FiGurE 5 | Single-subject data depicting modulations of auditory 
alpha by spatial attention. The upper two panels show time-frequency 
representations of left and right temporal sensors respectively, while 
anticipating an upcoming auditory target on the left or right ear (at time-point 
0). Modulations are asymmetric, i.e., stronger desynchronization at left 
sensors when attending to the right ear and vice versa for right sensors. 
Source analysis implies the involvement of auditory cortex in this effect. Note 
that a visual cue was used.
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As has become clear by now, our knowledge on auditory induced 
alpha-frequency perturbations and how they relate to cognitive 
functions is sparse. This is particularly true for the most behavio-
rally relevant and most sophisticated auditory percept humans are 
specialized in, that is, speech. This is unfortunate, as speech percep-
tion forms a prime case for studying cognitive mechanisms in the 
auditory domain – especially so under naturally adverse conditions 
or in degraded hearing. Also, brain physiological parameters are 
needed that would indicate successful comprehension or degree 
of effort that is required for comprehension – at best in the single 
participant rather than on a group level only.
What is the current evidence on changes in the alpha-frequency 
band during speech perception and comprehension? While experi-
ments that target this question directly are sparse, some observa-
tions can be derived from two related threads of evidence: First, 
studies that were focused on language processing (mainly semantic 
and lexical processes) and used auditory presentation (e.g., Shahin 
et al., 2009); second, studies that have used speech stimuli primarily 
as a carrier or as a means to study related cognitive phenomena 
such as working memory or attention (e.g., Kerlin et al., 2010). Of 
these few studies, most do not focus on the alpha band, but many 
observe and report changes in this frequency range nevertheless.
As  for  the  first  group  of  speech/language–alpha  studies, 
Bastiaansen  and  Hagoort  (2006)  have  put  forward  that  most 
alpha power changes reported in language comprehension stud-
ies can be traced back to the task manipulations employed rather 
than to the language stimuli directly. (Note that this conclusion, 
which has since not been considerably challenged, is based to 
large degrees on visually presented stimuli.) Even if so, however, 
it does not detract from alpha’s potential relevance for the cycle 
of sensation–  perception–comprehension in the auditory domain: 
Speech comprehension often becomes a taxing task, in particular 
when degraded signal quality or degraded hearing, or both, begin to 
example speech (see below) and music appear to be dominantly 
processed by the left or right auditory cortex respectively (details 
go beyond the scope of this review; see Zatorre et al., 2002). 
Importantly in the context of this study is that spatial informa-
tion appears to be preferentially processed by the right auditory 
cortex, which is involved in computations of the whole space, 
whereas the left auditory cortex is largely involved in processing 
the contralateral (i.e., right) space (Zatorre and Penhune, 2001; 
Spierer et al., 2009). It is possible that in the current experiment 
the lateralized pattern is favored by the presence of a distracting 
stimulus on the ear contralateral to the target, i.e., in the case of a 
distracter on the left ear it seems advantageous to downregulate 
activity in the right auditory cortex, thus influencing its normal 
bilateral involvement. In this experiment expectations were exter-
nally triggered by the use of visual cues. This leaves the question 
open whether auditory alpha activity is also sensitive to totally 
internally generated expectations.
Illusory impression of perceiving a salient sound is reflected in 
stronger auditory cortical alpha desynchronization
To tackle the issue whether auditory cortical alpha activity can 
reflect internally generated expectations, we employed a pseudo 
frequency  discrimination  task  (Hartmann  et  al.,  submitted). 
Participants were trained to differentiate two tones slightly var-
ying in pitch (“low” versus “high” tone). The feedback to the 
participant was that each time they heard the “high” tone, an 
aversive loud noise was played at the end of the 8-s stimulus 
(response given between 6 and 8 s). By these means participants 
learned to associate the presence of a “high” tone with an aver-
sive consequence (classical conditioning), thus making the “high” 
tone salient. In the real EEG experiment, we presented always 
the  identical  tone  (not  corresponding  to  the  training  tones) 
along with a low-intensity narrow-band noise. Participants were 
instructed, that this noise could make the frequency discrimi-
nation task extremely difficult. In order to promote changes in 
expectations, we pseudo-randomly manipulated the feedback 
to the participant using a procedure borrowed from Perruchet 
(1985). Indeed the sequence of feedback significantly influenced 
which tone the participant reported to have actually perceived 
(i.e., the more sounds were followed by a loud aversive noise on 
previous trials the less likely participants reported the presence 
of a “high” tone on the current trial). When comparing trials on 
which participants reported hearing a “high” tone as compared 
to those on which they reported hearing a “low” tone, the EEG 
showed stronger decreases of alpha activity in auditory cortex 
in the former condition (see Figure 6 for a single subject). The 
differentiation between the condition commenced with sound 
onset (i.e., no pre-stimulus effects) and built-up gradually to 
reach a peak around 2–4 s post-stimulus onset. This study shows 
that the perception of a more salient sound, is associated with a 
stronger alpha decrease in auditory cortex, putatively indicating 
the enhanced excitability of this region (Gross et al., 2007 for 
gamma in somatosensory modality). Since the physical features 
of the stimulus were identical on each trial, this implies that audi-
tory cortical alpha activity faithfully monitors the trial-to-trial 
dynamics of internally generated expectations.
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FiGurE 6 | Single-subject data showing that the subjective perception of 
a salient sound (predicting an aversive loud sound at stimulus offset) 
leads to stronger alpha desynchronization in auditory cortex. Note that 
the same sound was used throughout the experiment, i.e., the differences are 
driven purely by fluctuations of expectations of what is being heard.
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change) of stimuli. The monotonic decrease in alpha power as 
a function of acoustic detail occurred first about 500 ms after a 
word’s onset, that is, around a time when access of the word mean-
ing became possible. (Speech, of course, unfolds over time and the 
information minimally required for identification accumulates). 
Interestingly, the topography of this effect varies somewhat between 
single subjects we so far analyzed. A group statistic showed the 
effect to be strongest at parietal scalp sites, and localized to the 
superior parietal cortex accordingly. The single subject shown here, 
however, shows this effect at left temporal scalp sites (Figure 7). 
Figure 7 shows the monotonic decline of alpha power as the signal 
quality improves (2- to 16-bands noise-vocoding; restoring more 
spectral detail of the speech signal and allowing for much improved 
intelligibility).
The variations of task should be taken particularly seriously in 
speech and language experiments. Interestingly, a recent replica-
tion of the experiment in two of the previous subjects, without any 
active rating task, showed the same parametric alpha power change 
(centered at 11 Hz around 1 s after stimulus onset) to localize all 
the more clearly to the temporal lobe when no active rating but 
only prompted button presses were required.
How should we interpret the decline in alpha power as a func-
tion of intelligibility of the signal? As argued above, the relative 
decline in alpha power is likely to reflect mental operations on 
the speech signal, thus, active cognitive processing. A post-hoc 
look into changes in Gamma power and the observed increase 
of Gamma power within the clusters identified as alpha suppres-
sion clusters is in favor of this interpretation (cf. Osipova et al., 
2008). However, the lack of such alpha suppression relative to a 
no-stimulus baseline in severely degraded speech might as well 
reflect counteracting activity in neural oscillators which keep the 
alpha power high in order to gate language- and meaning-related 
areas. This argument also derives from the functional inhibition 
framework: On the one hand, relative increases of alpha power 
have been consistently reported during working memory retention 
affect the sensation and perception of the speech signal itself. These 
  challenges closely link speech comprehension to more domain-
general cognitive resources such as working memory, attention, 
and executive control. It is in this framework that more specific 
hypotheses for the function and response behavior of alpha activity 
in speech comprehension can be postulated:
The magnitude of alpha suppression, as observed in response to 
linguistic stimuli, depends on sufficient signal quality
Alpha suppression (compared to a reference or baseline period) has 
been observed in the aftermath of a word or other linguistic stimu-
lus presentation (e.g., Klimesch et al., 2007; Shahin et al., 2009). A 
parsimonious explanation for these observations would be that the 
decrease in alpha power reflects, by relay, an increased level of cogni-
tive processing (Jensen and Mazaheri, 2010), such as accessing the 
lexical meaning of an utterance. The extent to which these computa-
tions are allowed to take place should depend on the signal quality 
(such dependency on signal quality has been recently shown for 
semantic integration reflected in the auditory gamma band response 
to more complex linguistic stimuli; Obleser and Kotz, 2010).
To answer this question, we recently conducted an EEG study on 
auditory comprehension of words that had been degraded to vari-
ous degrees using noise-band vocoding (Shannon et al., 1995; Scott 
et al., 2000; Obleser et al., 2008), a technique effectively reducing 
the spectral and temporal content of the speech signal to arbitrary 
degrees, and mimicking the input provided by a cochlear implant 
(Shannon et al., 1995). As outlined above, we were expecting to 
observe suppression of alpha power when presenting listeners with 
degraded audio signals of words that had sufficient level of acoustic 
detail to allow word recognition. Preliminary data from our labs, 
however, go beyond this and show a parametric dependence of 
the alpha suppression magnitude on acoustic detail present in the 
signal (Obleser and Weisz, 2010; Obleser and Weisz, in preparation):
The less amount of spectral detail (i.e., fast spectro-temporal 
change) was present in a stimulus, the less peri- and post-stimulus 
alpha power deviated from baseline. The same held true, to a weaker 
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FiGurE 7 | Single-subject data on late alpha suppression in word 
comprehension (EEG) as a function of signal quality. The left panel shows 
the time course of alpha power. The parametric suppression of alpha power in 
this participant surfaces as a relative decline. A beamformer projection of the 
single trials and ensuing statistics show that, in this participant, language-
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are likely sources of this parametric change in alpha power dependent on 
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that, first, alpha oscillations and changes in alpha power are suscep-
tible to speech signal quality, with relative power increases for more 
severely degraded speech. This is seen not only during retention, 
but also in early stimulus encoding (discernible in the 100–200 ms 
time range in the word comprehension experiment, Figure 7, and 
also observed during the encoding or digit presentation phase in 
our auditory Sternberg task, not shown).
Second, alpha modulations – whether originating from the audi-
tory and perisylvian cortex (single subject; Figure 7) or primarily 
from more domain-general systems such as the superior parietal 
cortex (group data; Obleser and Weisz, in preparation) – can be 
indicative of speech comprehension success. Own preliminary data 
also show that the late alpha suppression after hearing word stimuli 
can be used to correctly classify low from high likelihood of com-
prehension when using machine learning algorithms (Obleser and 
Weisz, in preparation). Also, alpha oscillations tend to have very 
good signal/noise ratios, allowing single-subject and even single-
trial assessment. All of this renders auditorily modulated alpha a 
particularly useful parameter for populations such as children with 
hearing deficits or cochlear implant patients, where inference in 
the single participant is critical.
concluSIon And future dIrectIonS
The intention of the present paper is to promote the research area 
of “auditory alpha” as an interesting domain in its own right. For 
this purpose it has to be firstly established that such alpha-like 
rhythms indeed exist in auditory brain regions that are not an epi-
phenomenon of the superficially more dominant alpha rhythms in 
visual and sensori- and motor areas. Even though first evidence has 
been brought up almost 15 years ago, some skepticism still exists 
with regard to this issue. We assume that this is partly due to the 
heavy under investigation of the auditory system as compared to the 
visual modality. In fact intracranial measurements   unequivocally 
(e.g., Jensen et al., 2002; for a version using auditory syllables, e.g., 
Leiberg et al., 2006),   reflecting inhibitory control over items in 
memory (see Klimesch et al., 2007 for review). On the other hand, 
it has been argued before that listening to degraded speech also 
taxes the cognitive resources of working memory (Pisoni, 2000) 
and selective attention (Shinn-Cunningham and Best, 2008). This 
would also imply to interpret the observed alpha modulations as 
relative increases in alpha power for more degraded stimuli. Foxe 
et al. (1998) report a 10-Hz parieto-occipital enhancement that was 
stronger for selective attention to auditory cues, which is in line with 
a role of enhanced alpha oscillations in inhibiting task-irrelevant 
information – a case we observe for more degraded speech stimuli.
A  direct  hypothesis  that  follows  from  the  assumption  that 
degraded speech is taxing cognitive resources would be the following:
Challenges to the auditory system arising from signal degradation 
trigger increased alpha power
In the most direct test of this hypothesis, one would use an auditory 
version of the Sternberg task, where auditory items (e.g., digits) 
have to be retained in memory for a short retention period before 
being probed with another auditory digit. Parametrically varying 
the set size of items to be retained in memory should parametri-
cally increase alpha power during retention (cf. Jensen et al., 2002; 
Leiberg et al., 2006). However, additional parametric degrada-
tion of the speech signal quality in which the digits are presented, 
should have a similar effect on the retention-phase alpha increase, 
if degraded speech in itself is taxing the working memory system. 
Figure 8 illustrates findings from a first experiment we ran on 
the parametric combination of signal degradation and memory 
load, using MEG. The alpha power during retention exhibits two 
clear main effects of both manipulations: More items to retain in 
memory and a worse signal quality (i.e., less spectral fidelity due 
to less vocoding bands) both elicit monotonic increases in alpha 
power (Obleser et al., in preparation).
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